Addictive drugs, including opioids, modulate adult neurogenesis. In order to delineate the probable implications of neurogenesis on contextual memory associated with addiction, we investigated opioid agonist-selective regulation of neurogenic differentiation 1 (NeuroD) activities under the conditioned place preference (CPP) paradigm. Training mice with equivalent doses of morphine and fentanyl produced different CPP extinction rates without measurable differences in the CPP acquisition rate or magnitude. Fentanylinduced CPP required much longer time for extinction than morphine-induced CPP. We observed a parallel decrease in NeuroD activities and neurogenesis after morphine-induced CPP, but not after fentanyl-induced CPP. Increasing NeuroD activities with NeuroDlentivirus (nd-vir) injection at the dentate gyrus before CPP training reversed morphine-induced decreases in NeuroD activities and neurogenesis, and prolonged the time required for extinction of morphine-induced CPP. On the other hand, decreasing NeuroD activities via injection of reversed the fentanyl effect on NeuroD and neurogenesis and shortened the time required for extinction of fentanyl-induced CPP. Another contextual memory task, the Morris Water Maze (MWM), was affected similarly by alteration of NeuroD activities. The reduction in NeuroD activities either by morphine treatment or 190-vir injection decreased MWM task retention, while the increase in NeuroD activities by nd-vir prolonged MWM task retention. Thus, by controlling NeuroD activities, opioid agonists differentially regulate adult neurogenesis and subsequent contextual memory retention. Such drugrelated memory regulation could have implications in eventual context-associated relapse.
INTRODUCTION
Addictive drugs, acting as reinforcers, override the controls of the neural circuitries that are normally involved in pleasure, incentive motivation, and learning (Chao and Nestler, 2004; Robinson and Berridge, 2003) . It is apparent that both learning and affective dysregulation are the driving forces in addictive behaviors, intense cravings for drugs, and relapse to drug-using behavior. In addition to the probable involvement of corticotropin-releasing factor and the dopaminergic system within the nucleus accumbens and ventral tegmental area, glutaminergic inputs from the prefrontal cortex, amygdala and hippocampus are also involved in the reinstatement of drug-seeking behavior in animals (Aguilar et al, 2009) . In particular, the hippocampus has a substantial role in drug acquisition and relapse, as well as in the drug reward experience, as supported by the following studies: (1) injection of inhibitors into the hippocampus disrupted reactivation of morphine-induced memories (Milekic et al, 2006) ; (2) injection of CaMKII inhibitors into dentate gyrus (DG) blocked morphineinduced conditioned place preference (CPP) response (Fan et al, 1999) ; and (3) functional inactivation of dorsal hippocampus with tetrodotoxin abolished context-induced reinstatement in rats previously trained in self-administration (Fuchs et al, 2005) . Recent studies indicate that the hippocampus leads the ventral striatum in the replay of place reward information (Lansink et al, 2009) , and that hippocampus CA3 principal cells are more active after receiving a reward (Singer and Frank, 2009) . These data and others solidify the roles of the hippocampus and contextual memory in the association between drug experiences and reward. Disruption of this memory reconsolidation could abolish the association between context and drugs, which could lead to relapse (Lee, 2008) .
The differentiation of progenitor cells or neural stem cells within the subgranular zone (SGZ) of the DG into newborn granular neurons contributes to information processing in the adult hippocampus (Abrous et al, 2005) . Addictive drugs such as morphine, nicotine, ethanol, and cocaine are able to regulate adult neurogenesis in the SGZ (Eisch and Harburg, 2006) . Although many factors can affect adult neurogenesis (see review by Zhao et al, 2008) , the exact mechanism by which addictive drugs regulate neurogenesis remains unknown.
Morphine and fentanyl, two commonly prescribed opioid analgesic drugs, are highly addictive. Although they are both m-opioid receptor (OPRM1) agonists, morphine activates ERK via the PKC pathway while fentanyl uses the b-arrestin-dependent pathway (Zheng et al, 2008) . Such pathway selectivity leads to their differential regulation of expression of and one of its targets, neurogenic differentiation 1 (NeuroD) (Zheng et al, 2010b) . As both NeuroD and one of its targets, doublecortin (DCX) (Seo et al, 2007) , are important factors in adult neurogenesis in the SGZ (Couillard-Despres et al, 2005; von Bohlen Und Halbach, 2007) , differential control of NeuroD activities by these two agonists could manifest as differential abilities of the hippocampus to store, consolidate, or retrieve memory. To test this hypothesis, we examined the effects of NeuroD activities on two behavioral responses: (1) the drug-induced CPP response, which has been used to demonstrate that re-exposure to a drug or stressful event can induce reacquisition or reinstatement of drug behavior in animals (Tzschentke, 2007) ; and (2) the Morris Water Maze (MWM), which is used to monitor the spatial learning of rodents (Vorhees, 2006) .
MATERIALS AND METHODS

Animals
Six to eight-week-old CD-1 (ICR) male mice from Charles River (Portage, MI) were housed in groups of four with access to food and water ad libitum. All procedures were taken in accordance with IACUC policies. Mice were allowed to habituate for 1 week before experiments.
Virus Injection
Lentiviruses (containing a CMV promoter) expressing miR-190 (190-vir) , NeuroD-lentivirus (nd-vir) , or a control oligonucleotide (Con-vir) was prepared as described previously (Zheng et al, 2010a) . Mice were anesthetized with 90 mg/kg ketamine and 10 mg/kg xylazine i.p. A burr hole of 0.5 mm was drilled À 2.1 mm posterior to the bregma and ± 1.1 mm lateral to the midline. A 10-ml syringe filled with virus was lowered 1.7 mm below the meniscus in a 2-min period (Cetin et al, 2006) . Using a micro-syringe pump controller, 1 ml of virus (6 Â 10 8 TU/ml) was injected at a constant rate over a 10-min period. The virus was allowed to diffuse for 5 min and the needle was then raised slowly at a constant rate over a 2-min period. The holes were sealed with bone wax and the mice were allowed to recover for 1 week before behavioral tests.
Conditioned place preference
CPP was carried out in a three chamber apparatus supplied by Panlab (Harvard Apparatus, Holliston, MA) according to the protocol (Cunningham et al, 2006) . In the habituation section, mice were placed in the test room 2 h before any handling. The mice were then allowed free access to the whole CPP apparatus for 30 min per day for 2 days. In the preconditioning section (day 1-9), place preference was tested on day 1 by placing each mouse individually into the CPP apparatus at the neutral middle chamber, with free access to the two side chambers for 10 min. Mice with no significant preference for the two chambers on day 1 were divided randomly for the stereotaxic lentivirus injection. Mice were allowed to recover from day 2-8, and subjected to another place preference test on day 9. In the conditioning section (day 10-14), half of the mice received either 5 mg/kg morphine or 50 mg/kg fentanyl subcutaneously in the morning and an equal volume of saline subcutaneously in the afternoon. In order to eliminate the circadian rhythm effects on opiate responses (Weed, 2006) , the other half of the mice received a reversed injection paradigm, ie, saline in the morning and drug in the afternoon. The injection paradigm and drug-paired compartment were selected randomly. In the post-conditioning section, the place preference of the mice was tested once a week until no significant preference was detected in two continuous tests. CPP time was calculated with the following equation: (time in drug-paired chamber)-(time in saline-paired chamber). In the reinstatement section, mice were injected with 5 mg/kg morphine or 50 mg/kg fentanyl 1 week after the last test in the previous section. Mice were then placed in the CPP apparatus for recording of place preference. AnyMaze software (Stoelting, Wood Dale, IL) was used to track the mice.
Morris Water Maze
MWM was performed as reported (Vorhees, 2006) . In the acquisition section, the mice were placed in the water maze (122 cm diameter) with the platform (10 cm diameter) submerged in the SW quadrant. The mice were trained for four trails per day for 5 days with a semi-random set of start positions as previously published (Vorhees, 2006) . AnyMaze software was used to track the mice. In the extinction section, mice were placed in the NE quadrant of the water maze without the platform for 60 s. The amount of time the mice spent in each quadrant searching for the platform was recorded. Probe tests were performed every 4 days afterward until the mice spent an equal amount of time in each quadrant.
Histology and Immunohistochemistry
Mice were deeply anesthetized with ketamine and xylazine and perfused with 4% paraformaldehyde. Brains were postfixed by transferring to 4% paraformaldehyde, 10% sucrose, 20% sucrose, and 30% sucrose sequentially for 24 h each at 4 1C. Twenty micrometer coronal tissue sections were prepared and mounted on Superfrost Plus glass slides (Thermo Fisher Scientific, Waltham, MA). Every seventh section across the hippocampus was stained with either NeuroD antibodies (Cell Signaling, Danvers, MA) or DCX antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and immunohistochemically analyzed as described (Hodge et al, 2008) . A BD CARV II Confocal Imager connected to a Leica DMIRE2 fluorescence microscope with a Hamamatsu EM-CCD C9100 camera and the software Metamorph (Molecular Devices, Sunnyvale, CA) were used for data acquisition and analyses.
RESULTS AND DISCUSSION
The agonist-selective regulation of NeuroD activities and dendritic spine morphology has been observed in primary hippocampus neurons (Zheng et al, 2010a) . As dendritic spines contribute to the formation of contextual memory (Restivo et al, 2009) , and as the hippocampus and contextual memory have been linked to drug acquisition and relapse (Fan et al, 1999; Milekic et al, 2006) , we surmised that CPP response, a hippocampus-mediated contextual memory behavior test that measures the reacquisition or reinstatement of drug experience in rodents (Shaham et al, 2003; Tzschentke, 2007) , should exhibit agonist-selective response. Hence, CD-1 mice were tested with the CPP acquisition and extinction paradigms as outlined in Supplementary Figure S1 . As shown in Supplementary Figure S2A and S2B, our current CPP paradigm produced morphine and fentanyl dose-dependent responses. Morphine (5 mg/kg) and fentanyl (50 mg/kg) were chosen for subsequent CPP studies because these doses allowed us to examine whether NeuroD activities could regulate the magnitude of the CPP response. After five-conditioning sessions, mice trained with morphine or fentanyl had a similar preference for the drug-paired chamber (Figure 1 ). However, there was a dramatic difference in extinction rates between the mice trained with morphine and the mice trained with fentanyl. Morphine-induced CPP returned to basal levels at day 30 while fentanyl-induced CPP returned to basal levels at day 79 (Figure 1) .
The difference in extinction rates may be due to the distinct abilities to form new place preference memory or 'inhibitory memory', as the test for extinction is similar to the training that both compartments are paired with no drug injection. To exclude this possibility, place preference was measured at a lower frequency (only on day 15, day 44, and day 79) (Supplementary Figure S2C) , and the differences in extinction rates persisted. The difference in extinction rates also could have arisen from the difference in the number of conditioning sections needed by the two agonists to acquire similar CPP response. As summarized in Supplementary Figure S2D , equivalent doses of morphine and fentanyl resulted in similar sessions for maximal CPP response.
The antinociceptive effects of morphine and fentanyl peaked at 30 and 15 min, respectively (Zheng et al, 2010b) . However, reducing the time of CPP training with fentanyl to 15 min or increasing the time of CPP training with morphine to 60 min did not alter CPP acquisition or extinction (Supplementary Figure S2E and S2F) , suggesting that the difference in pharmacokinetics was not essential under the current paradigm. In addition, administering the drugs either in the morning or in the afternoon did not alter the CPP responses (Supplementary Figure S2G and S2H) . Hence, the differences in CPP extinction were not consequences of conditioned place aversion due to drug withdrawal (Rothwell et al, 2010) .
As adult neurogenesis in the DG has been shown to be: (1) critical in hippocampus-dependent complex pattern recognition (Clelland et al, 2009) ; (2) affected by environment and experience (Brown et al, 2003) ; and (3) dependent on the morphine treatment paradigm (Fischer et al, 2008) , we examined whether the current CPP paradigm would affect adult neurogenesis by monitoring the transcript and protein levels of DCX in the hippocampus (CouillardDespres et al, 2005) . As shown in Figure 2 , transcript and protein levels of DCX were reduced in morphine-trained mice. These decreases were consistent with a reduction in NeuroD activity, as indicated by phosphorylated NeuroD (pNeuroD) levels; this was possibly due to impaired CaMKIIa activity (Figure 2b ). On the other hand, NeuroD transcript levels increased in fentanyl-trained mice due to a decrease in miR-190 levels (Figure 2a ). An increase in NeuroD protein levels led to no alteration in pNeuroD levels, because fentanyl also suppressed CaMKIIa activity (Figure 2b ). Subsequently, DCX transcript and protein levels were not affected in the fentanyl-trained mice (Figure 2 ). These observations are in accord with our reported studies in primary hippocampus neuron cultures (Zheng et al, 2010a) and suggest that adult neurogenesis is differentially regulated by morphine and fentanyl in vivo in the CPP paradigm.
The immunohistofluorescence analyses of NeuroD þ and DCX þ cells in the DG revealed results consistent with immunoblotting of NeuroD and DCX, respectively (Figure 3 and Supplementary Figure S3) . The number of NeuroD þ cells is not indicative of NeuroD activity because CaMKIIamediated phosphorylation is required for its activation (Gaudilliere et al, 2004) . DCX is one of NeuroD's targets (Seo et al, 2007) , thus DCX levels are indicative not only of the later stage of neural differentiation during adult neurogenesis but also of NeuroD activity. In mice conditioned with morphine, the number of NeuroD þ cells was unchanged, but the number of DCX þ cells decreased by 61 ± 6%. In contrast, in mice conditioned with fentanyl, the number of NeuroD þ cells increased by 119±33% while the number of DCX þ cells was unchanged (Figure 3) . To clarify the effects of various treatments and the factors mentioned above, the results shown in Figures 2-4 are summarized in Supplementary Table S1 .
In hippocampus, the highest NeuroD mRNA level could be observed in SGZ, but the NeuroD mRNA could also be Figure 1 The extinction of fentanyl-induced conditioned place preference (CPP) is slower than that of morphine-induced CPP. Mice not receiving lentivirus injection on day 1 were used for CPP training (from day 10 to day 14) with morphine or fentanyl. Place preference was tested every 7 days until no significant place preference was detected in two continuous tests. Error bars represent SE (n ¼ 10). Figure S4) . As Supplementary Figure S4 was prepared on day 2 and day 7 after virus injection, similar injection tissue damage was not noticeable in Figure 3 and Supplementary Figure S3 , which were collected on day 15 after virus injection. Thus we had a seven-day rest for mice before the CPP training (Supplementary Figure S1) . If regulation of neurogenesis is related to the observed difference in morphine-vs fentanyl-induced CPP extinction rates, then modulation of NeuroD activity should affect these rates. We demonstrated, using qRT-PCR, western blot, and immunohistofluorescence analyses (and Supplementary Figure S3) , that injection of either nd-vir or 190-vir increased or decreased NeuroD activity and neurogenesis, respectively. Interestingly, parallel to endogenous NeuroD expression, injection of nd-vir into the DG increased the number of NeuroD þ cells at the SGZ (Figure 3 and Supplementary Figure S3) , probably due to post-transcriptional regulation as discussed above. Nevertheless, when CPP extinction rates were measured, nd-vir significantly increased the extinction time of the morphineinduced CPP response: extinction time was 65 days vs 30 days in mice injected with con-vir or no virus (Figure 4a ). On the other hand, attenuating NeuroD activity with 190-vir injection dramatically accelerated the extinction of fentanylinduced CPP to 44 days instead of 79 days in mice injected with con-vir or no virus (Figure 4b ).
The reinstatement of extinguished CPP responses after a non-contingent administration of a priming dose of drug has been accepted as reliable measurement for drug craving and relapse (Shalev et al, 2002; Zheng et al, 1999) . Thus, CPP reinstatement was tested 1 week after total extinction by challenging the mice with the same dose of morphine or fentanyl used in the conditioning section. As summarized in Figure 4c , the magnitude of reinstatement of morphineinduced CPP was much lower than that of fentanyl-induced CPP. Injecting nd-vir but not con-vir increased the magnitude of reinstatement in morphine-trained mice, whereas injecting 190-vir decreased the magnitude of reinstatement in fentanyl-trained mice (Figure 4c ). Therefore, by regulating NeuroD activity, both the extinction and the reinstatement, but not the acquisition, of CPP response can be modulated.
We examined whether NeuroD activity can modulate overall contextual memory using another memory task, MWM, as outlined in Supplementary Figure S5 . As indicated in Supplementary Figure S6 , injection with Figure 2 Neurogenic differentiation 1 (NeuroD) activity on day 15. Control mice received no virus injection or conditioned place preference (CPP) training. The other six groups of mice were injected with vehicle, control oligonucleotide (con-vir), on day 1 and then received CPP training with morphine or fentanyl from day 10 to day 14 as in Supplementary Figure S1 . Mouse dentate gyrus (DG) were used on day 15. Mor and Fen represent morphine and fentanyl, respectively. (a) The expression levels of miR-190, NeuroD, and DCX were measured with qRT-PCR. GAPDH was used as internal control for normalization. (b) The amounts of NeuroD, phosphorylated NeuroD (pNeuroD, phosphorylated serine (pSer) in precipitated NeuroD), CaMKIIa, phosphorylated CaMKIIa (pCaMKIIa), and DCX were determined with immunoblotting and normalized against bactin. One-way ANOVA with Dunnett's test as a post-hoc test was used for analysis. Comparisons were done between the 'Control' and other groups. Error bars and '*' represent SD (n ¼ 4) and Po0.01, respectively.
190-vir or nd-vir alone (without any agonist treatment) led to consistent changes in NeuroD protein levels, the amount of pNeuroD, and DCX expression, as there is no agonist to alter CaMKIIa activity. Although there was a training session-dependence in recognition of the submerged platform's location (SW), injection of nd-vir or 190-vir to the DG did not alter the rate at which the mice learned the platform's location (Figure 5a ). However, manipulation of NeuroD activity dramatically altered the rate at which the mice forgot the platform's location. As shown in Figure 5b , the mice in the control group spent more time in the SW quadrant when probed the next day with the platform removed. Mice injected with 190-virus forgot the platform location 12 days after the initial probe, while mice injected with con-vir, nd-vir, or 190-vir þ nd-vir remembered the platform's location for up to 24 days (Figure 5b) .
We also examined whether morphine or fentanyl could differentially regulate this NeuroD-dependent contextual memory task. After lentivirus or vehicle injection, subcutaneous injection of 5 mg/kg morphine or 50 mg/kg fentanyl per day for 5 days (a similar paradigm to the the CPP-conditioning section but without CPP training) did not alter the acquisition rate (Supplementary Figure S7) . Interestingly, mice injected with morphine showed a dramatic decrease in the time they remembered the platform's location, which could be restored by the preinjection of nd-vir (Figure 5c ). On the other hand, mice injected with fentanyl before MWM training forgot the platform's location at a similar rate as the saline injected mice (Figure 5d ). Again, reducing NeuroD activity with 190-vir injection increased the rate at which the fentanylinjected mice forgot the platform's location but exhibited no effect on their learning of the platform's location (Figure 5d and Supplementary Figure S7J) . Thus, as in CPP trials, NeuroD activity affected the retention but not the acquisition of contextual memory in the MWM test.
From both contextual memory tasks, it is apparent that the opioid regulation of adult neurogenesis in the DG is dependent on NeuroD activity. A schematic illustration of the current study is provided in Supplementary Figure S8 . The integrity of the DG in regulating contextual memory related to drug response is well established. Disruption of the DG results in a slower acquisition rate and a deficit in long-term contextual retrieval of fear memory (Lee and Kesner, 2004) . Neurotoxic lesions that damage the DG prevent the acquisition of both cocaine-induced CPP and context-conditioned fear response (Hernandez-Rabaza et al, 2008) . As any newborn neurons that preferentially incorporated into existing neural circuitry could affect spatial memory (Kee et al, 2007) and that recalled of learned task involves the activation of adult-generated granular cells (Trouche et al, 2009) , it is reasonable to hypothesize that by regulating adult neurogenesis, NeuroD contributes to the DG neural circuitry thereby regulating drug experience. This is exactly our observation. By manipulating NeuroD activity, either by drug administration or injection of lentivirus, the retention of contextual memory or drugassociated contextual memory can be modified. As CPP involves Pavlovian conditioning and is a model for cueelicited drug taking, modulation of NeuroD activity resulting in changes in adult neurogenesis affects the reappearance of the behavior in a drug-associated context, ie, during reinstatement or relapse. Together with recently reported studies in which cocaine response can be altered by ablating adult neurogenesis (Noonan et al, 2010) , our studies clearly indicate that reinstatement of CPP is closely related to adult neurogenesis. Whether NeuroD activity can also affect the primary rewarding properties of opioid drugs remains to be evaluated.
The entire process of neurogenesis (from neural progenitor cells to mature neurons) requires at least 1 month. In our current study, there are 2 weeks between virus injection and memory extinction experiment. Thus whether the drugmediated changes in neurogenesis could account for the observed behavioral changes is debatable. However, previous studies support our current observations correlating neurogenesis and behavioral changes. Firstly, the time between the disappearance of DCX expression and the acquisition of NeuN expression can be as short as 1 week (Snyder et al, 2009 ). Thus, 2 weeks after the disruption of NeuroD activity or DCX expression, the incorporation of newly matured neurons into memory networks can be affected. Secondly, the immature state of new neurons also influences animal behavior. As ablation of 4-28 day old neurons impaired memory long-term memory (Snyder et al, 2005) , it is possible that opioid agonist treatment could alter the maturation and differentiation of these immature neurons in addition to the reported effect on the progenitor cells within the SGZ. The experience within the immature stage of new neurons affects later neural representation of the experience in the DG (Tashiro et al, 2007) . Determination of Arc expression in BrdU þ cells suggests that the recruitment of new neurons into spatial memory networks occurs as early as 2 weeks in mice (Kee et al, 2007) . Thirdly, young immature granule neurons can be more active than mature neurons in the DG, and can mediate pattern separation or memory resolution involving novel events on top of existing memory (Aimone et al, 2011; Nakashiba et al, 2012) . Thus, the extinction of CPP or MWM memory could be influenced by altered neurogenesis under the current paradigm.
Although the difference in adult neurogenesis may lead to the different memory extinction, the other possibilities still exist. For example, chronic treatment with morphine but not fentanyl decreased the stability of dendritic spines of the primary hippocampal neurons (Zheng et al, 2010a) . Thus the decreased spine stability by chronic morphine may also contribute to the reduced ability to maintain contextual memory under current paradigm. However, the main point of the current study was to indicate the correlations between the amounts of pNeuroD, adult neurogenesis in DG, and the extinction rate of contextual memory after different agonist treatment. The detailed mechanism on the drugmediated regulation of contextual memory should be investigated in future.
In summary, the transcription factor NeuroD represents an integration point of the opioid drug experience. Via differential control of miR-190 levels, morphine and fentanyl exhibit differential regulation of NeuroD activity, thereby resulting in differential modulation of adult neurogenesis and the extinction/reinstatement of the CPP response. Extending the reinstatement of CPP response to drug relapse, one could suggest that opioid drugs such as fentanyl that do not inhibit NeuroD activity will have a higher probability of inducing relapse than drugs such as morphine that inhibit NeuroD activity. If one could further suppress NeuroD activity, the extinction of the morphine Figure 4 Neurogenic differentiation 1 (NeuroD) activity regulates conditioned place preference (CPP) extinction. Seven groups of mice were trained as in Figure 2a and b. The acquisition of place preference was determined in the seven groups of mice. The extinction of place preference was tested every 7 days until no significant place preference was detected in two continuous tests. (c) After the extinction session, mice were challenged with morphine or fentanyl 1 week after the last place preference test. Recovered place preference was used to determine the reinstatement of CPP-related contextual memory. One-way ANOVA with Dunnett's test as a post-hoc test was used for analysis. Comparisons were done as indicated. Error bars and '*' represent SD (n ¼ 10) and Po0.01, respectively. experience could be shortened further. Of note, injection of 190-vir before morphine training did shorten the CPP extinction time, but the difference was not statistically significant ( Figure 5c ). However, because NeuroD has numerous targets (Seo et al, 2007) , whether it is possible to develop a paradigm in which NeuroD is targeted for drug relapse treatment might be difficult to ascertain.
